For male subjects, the difference within top-level marathon performances did not exceed 4% between the 20 best marks (2 h 05 min-2 h 10 min). The differences in the metabolic response to exercise are globally understood between sedentary and trained subjects [1, 2] , as well as between moderately trained and highly trained subjects [3] [4] [5] [6] . For endurance sports, readily accessible parameters, i.e., maximal oxygen consumption (VO 2 max ), heart rate, lactatemia, glycogen stores depletion, or ammonia release, might be sufficient for this discrimination. Nevertheless, little is known about metabolic parameters that may discriminate between high-and top-level marathon performances. To our knowledge, the evolution of given metabolic parameters with a higher marathon performance level have not been reported for the best marathon runners.
skeletal muscle ability to release lactate and [H ϩ ] during contractions [10] . Endurance training may also increase gluconeogenesis twofold at rest and threefold during exercise at given absolute and relative exercise intensities, avoiding premature glycogen stores depletion [1] .
On the other hand, the regulation between carbohydrate and lipid metabolisms during intense endurance exercise is still not fully understood. Which of these substrate stores provides the higher amount of energy to exercising skeletal muscle during intense endurance exercise remains to be elucidated [3] . Nevertheless, it has been found that resting basal lipid transport was markedly increased in athletes involved in strenuous endurance training, enhancing the potential for increasing fatty acid oxidation rapidly at the onset of exercise [11] . However, the most recent results on lipid metabolism during exercise seem to converge on the notion that muscle TG contributes to a lesser extent as fuel during exercise than it has been mostly stated [5, 12] . Therefore the contribution of plasma long-chain fatty acids (LCFA) and fatty acids liberated from the circulating very low density lipoprotein (VLDL)-TG to the overall fatty acid oxidation during exercise might be underestimated [5] . Over carbohydrate and fatty acid metabolisms, whole body protein catabolism is also accelerated during low-intensity exercise [13] . The increased rates of muscle protein turnover and amino acid transport after resistance exercise are usually reported in endurance-trained subjects [1, 14, 15] . Amino acids may be metabolized within skeletal muscle during exercise for energetic supply. However, several amino acids have other biochemical functions during exercise, namely, liver neoglucogenesis, the transport of [H ϩ ] and ammonia throughout the skeletal muscle cells, and possibly the synthesis of proteins [16] . Therefore exercise promotes the catabolism and the synthesis of proteins for various biochemical functions. Furthermore, which proteins, i.e., hepatic, circulating, or from skeletal muscles, are the most subjected to energetic catabolism is another point of conflict in the literature [17, 18] .
It appears that the metabolic response to an endurance exercise depends on a wide range of biochemical processes interrelated in their stimulation, their maximal flux, and their regulation. A global analytical method is needed to account for all these biochemical processes in one way, which may lead to a global description of the metabolic response to exercise. To date, the only nondestructive global analytical technique that is sufficiently sensitive and reproducible to provide this pertinent biochemical information is Fourier-transform infrared (FT-IR) spectrometry [19] . FT-IR spectrometry is based on the absorption of the infrared radiation while organic bonds undergo deformation (Table 1) . These absorptions may be directly used for the determination and quantification of biomolecular contents [20, 21] . We recently proposed a method for the quantitative analysis of serum contents, which allowed a determination of the concentrations of glucose [22] , lactate [23] , TG, glycerol, urea, and major proteins [24, 25] . On the other hand, when serum FT-IR spectra obtained at the resting state are subtracted from the exercise ones, "Difference FT-IR spectra" can be obtained [23] . These "Difference FT-IR spectra" only highlight the exercise-induced changes in serum contents [26, 27] , allowing a specific analysis of the metabolic response to exercise. This global analytical technique provides a great advantage in comparison with the classical clinical ones: pertinent and significant parameters may appear in FT-IR spectra without being searched a priori because of their unknown interest. Therefore FT-IR spectrometry appears as a useful tool for determining which metabolic information may discriminate between high-and top-class endurance performances.
The aim of this study was to determine which metabolic parameters may explain the shift toward 127 min, from 142 min, to end the marathon. We analyzed exercise-induced changes in physiological and serum chemical parameters in response to a 10 km Table 1 . Major metabolic assignments for serum FT-IR spectra absorption bands.
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Major assignments for serum contents 3020-3000 ϭCH (olefinic): unsaturated fatty acids, cholesterol esters 3000-2950 as CH 3 Testing and sampling. The subjects were instructed to give the velocity they thought they would reach during the next marathon event. A 10 km run at this velocity was used for marathon performance evaluation (testing session). Running velocity was indicated by a cyclist equipped with a velocity sensor (Polar, France) at 0.1 km/h precision. After an individual warm-up lasting about 15 min, subjects received a K 4 b 2 apparatus (Cosmed ® , Italy) for gas analyses and equipped with a cardio-frequencemeter (Accurexϩ, Polar, Finland). Capillary blood samples (approximately 50 l) were taken at rest (before warm-up) and immediately after the 10 km test. Samples were taken at the fingertip in noncoagulated gel barrier blood collection tubes for microsamples (microtainer, ref. 365960, Becton-Dickinson, USA) with a standard lancet device (Softclix Pro, Boehringer-Mannheim, Germany). Blood was immediately centrifuged for 3 min at 15,000ϫg (Heittich, Germany) to separate the serum from erythrocytes. The samples were then stored at Ϫ20°C before analyses. Capillary blood samples were also taken at rest and after exercise for lactate concentration measurement (Dr. Lange ® , Berlin, Germany) for the validation of serum FT-IR spectra acquisition. Plasma volume change between rest and exercise was calculated according to the method of Dill and Costill [28] for the correction of molecular concentrations.
FT-IR analyses. Analyses were performed in triplicate. The method for FT-IR serum spectra acquisition has been described elsewhere [22] . Briefly, after samples returned to ambient temperature (ϳ15 min at 20-25°C), 20 l-serum aliquots were diluted with 80 l of water (1/4; v/v). The diluted samples were homogenized with an agitator for 10 s. Then 35 l of every solution were deposited within the cell limits of a zinc-selenide (ZnSe) wheel bearing 15 sample cells (Bruker, Germany). The wheel was subsequently placed into a drying vacuum (pϭ2 mmHg) to evaporate water (ϳ45 min). It was then put into the analysis compartment of a Bruker IFS 28/B spectrometer equipped with a Globar (MIR) source (7 V), a KBr beam splitter, and a DTGS/B detector (18-28°C). For each experiment, we used a resolution of 2.0 cm Ϫ1 and acquisitions were performed by the use of 32 coadded scans in transmittance.
Biomolecular concentrations measurement. Upon FT-IR serum spectra, we used the methods we previously described to determine serum glucose [22] , lactate [23] , urea, TG, glycerol [24] , and major protein concentrations [25] . For validation of serum FT-IR spectra acquisition, lactate concentrations (Dr. Lange ® ) were also measured at rest and after testing sessions.
Spectra subtraction. To determine exercise-induced changes in carbohydrate, lipid, and protein serum contents, we also performed a spectra subtraction (FT-IR spectra obtained at the resting state are subtracted from the exercise spectra to obtain "Difference FT-IR spectra"). Spectra subtraction was automatically performed by the Opus-Ident 3.03 software (Bruker, Germany). Upon Difference FT-IR spectra, we integrated the spectral windows found in the surface of spectra to reveal positive and/or negative absorption differences between rest-and exercise-serum spectra. In serum samples (Table 1) , these biomolecular absorptions are characteristic of known families of biomolecules [20] . The results of these integrations were used as specific indicators of exercise-induced changes in serum contents.
Statistics. The data are expressed as meanϮstan-dard deviation (SD). The differences between pre-and postexercise data were tested with a t-test for dependent paired measurements. Pearson's correlation coefficients were used for correlations. A p value Ͻ0.05 was considered significant. Linear regressions were done for a comparison of series of data (marathon performance vs. biochemical data). Serum FT-IR spectra acquisition and serum concentrations measurement Table 3 presents serum concentrations obtained by FT-IR spectrometry. Mean lactate concentrations measured at rest and after exercise by the enzymatic method were 1.67Ϯ0.44 and 7.21Ϯ0.65 mmol l Ϫ1 , respectively. These values were not significantly different from those obtained by FT-IR spectrometry (rϭ0.98 and 0.97, pϽ0.01, for rest and testing measurements, respectively). These measurements validated serum FT-IR spectra acquisition.
RESULTS
Marathon performance and physiological measurements during the 10-km run
Serum biochemical changes during the 10-km run Carbohydrates. Serum concentrations are presented in Table 3 . Glycemia and lactatemia increased significantly during exercise in every subject (pϽ0.01 for both). The maximal difference found for this glycemia increase after exercise was only 0.16 mmol l Ϫ1 (i.e., 9%) between the highest and lowest ), but they were significantly below those for IgG 3 and Apo-C 3 after exercise ( Table 3 ). The urea concentration was also found to be significantly increased after exercise (pϽ0.01).
Marathon performance and serum biochemical changes during the 10-km run
Carbohydrates. No significant relationship was found between marathon performance level and either rest or exercise values of glycemia (Table 2 ; pϭ0.51 and 0.36, respectively). However, a significant relationship was found between glucose concentration increase and marathon performance (pϽ0.01, Fig. 1 ). On the other hand, lactate concentration increase was not found to be correlated to marathon performance.
Lipids. Marathon performance was also significantly correlated to TG concentration decrease (pϽ0.01; Fig. 2 ) and glycerol concentration increase (pϽ0.05; Fig. 3 ). Although highly significant, the maximal difference found for glycerol concentration increase after exercise was only 0.024 mmol l Ϫ1 (11%) between the highest and lowest marathon performances.
Proteins and urea. Decreases in haptoglobin, ␣ 1 -acid glycoprotein, IgG 3 , and Apo-C 3 concentrations were found to be significantly correlated to marathon performance (pϽ0.01 for all; Fig 4) . A urea concentration increase was also found to be strongly correlated to marathon performance (pϽ0.01) and to the decrease of several protein concentrations (␣ 1 -acid glycoprotein, IgG 3 , and Apo-C 3 ; all with pϽ0.05).
Serum IR absorption changes during the 10-km run
Rest-serum FT-IR spectra were subtracted from the exercise ones to obtain "Difference FT-IR spectra," considered to be the molecular responses to exercise. Mean "Difference FT-IR spectrum" for the 14 subjects Biochemistry of Marathon Performance is presented in Fig. 5 . Table 4 presents mean exerciseinduced changes in molecular absorptions observed on different spectra according to the spectral windows areas defined in Table 1 .
Lipids. Fatty acids as CH 2 and as CH 3 absorptions were found decreased after the 10-km run. The as CH 2 absorption represents the fatty acids organic groups found within the molecular chain and the as CH 3 absorption represents the terminal organic group for the same chain [29, 30] . The ratio between the as CH 2 ) were increased in all subjects after exercise (0.01ϽpϽ 0.05). The ratio between the CϭO and the ␦NH 2 absorptions, an index of protein and amino acid metabolism, was close to 1 for all subjects, showing that protein and amino acid serum contents increased in the same extent with exercise.
Marathon performance and serum IR absorption changes during the 10-km run
Lipids. The fatty acids as CH 2 absorption decrease was strongly associated with marathon performance (pϽ0.01). However, although the as CH 2 and as CH 3 absorptions are common to the same fatty acids, the same relationship was not found between marathon performance and as CH 3 absorption decrease (Fig. 6) . The values of the as CH 3 / as CH 2 ratio were highly correlated to marathon performance (pϽ0.01, Fig. 7) . Furthermore, as CH 3 absorption decrease was correlated to glycerol absorption increase (pϽ0.05) and to TG concentration decrease (pϽ 0.01). Taken together, these results suggest that marathon performance was better, fatty acid mobilization from adipocytes and their uptake by skeletal mus- Values are given as their meanϮSD (in spectrometer arbitrary units: a.u.). See Table 1 for details on biomolecular absorptions. † Positively, and ‡ negatively, correlated to marathon performance (in min). Table 1 for details on biomolecular absorptions. nϭ14.
cle was higher, and glycerol accumulation within blood was also higher, both in response to the 10-km run.
Proteins and amino acids. Amide I and II absorption increases were positively correlated to marathon performance (pϭ0.01 and 0.05, respectively), suggesting a greater protein mobilization during exercise in higher marathon performances. Amino acids ␦NH 2 and COO Ϫ absorption increases were also positively correlated with marathon performance (pϽ0.05 for both). Relationships between marathon performance level and both protein (CϭO) and amino acid (␦NH 2 ) absorptions are presented in Fig.  8 . Furthermore, proteins and amino acid absorptions increases were closely related (pϽ0.05). On the other hand, the amino acid absorption increase was found to be closely correlated to the concentration decrease of ␣ 1 -acid glycoprotein, IgG 3 , and Apo-C 3 (pϽ0.01).
DISCUSSION
In this study, several biochemical parameters of the metabolic response to a 10-km run at the individual marathon velocity were found to be highly discriminant of marathon performance. Thus the analysis of the metabolic response to the quarter of a marathon, which may be easily accepted by marathon runners during their training season, was predictive of their marathon performance. From the metabolic point of view, the main results of our study revealed that the best marathon performance could be described by several discriminant parameters of the metabolic response to exercise: (1) a slight but significantly higher glucose concentration increase; (2) longer and/or less unsaturated blood fatty acids; (3) a more pronounced decrease in blood TG contents concomitantly to a higher glycerol concentration increase; (4) a higher amino acid production and blood release; (5) a possible catabolism of several proteins for amino acid supply to skeletal muscles.
Carbohydrate metabolism. It is well known that higher oxidative capacities explain in large part the performance differences between sedentary and moderately trained subjects [2, 4, 5] , and for highly trained subjects [1, 5] . The 10.1% difference between the extreme marathon performance values of our study seemed much more explained by the evolution of various metabolic and biochemical parameters during exercise. A similar relative difference between subjects was found for carbohydrate metabolism, with a 9% higher glycemia increase during exercise between highest and lowest performances. In the absence of direct information about glucose fluxes through liver and skeletal muscle, this result suggests only an overall higher glucose release from liver relative to a lower glucose uptake by skeletal muscle during exercise. However, glucose is the main fuel for skeletal muscle at such exercise intensity (80-85% of maximal aerobic velocity) [8] . Thus it seems but a weak probability that the best marathon runners developed a lower glucose utilization capacity in skeletal muscle. Furthermore, all subjects exhibited a glycemia increase of ϳ2 mmol l Ϫ1 after exercise. This result in regard to top-class marathon runners strongly supports the hypothesis that marathon performance is mainly dependent on glucose availability and utilization, notably through greater liver glycogenolysis during exercise [8] . Nevertheless, a higher glucose utilization by skeletal muscles is also known to reduce fatty acid availability and to increase lactate production from glycolysis. We found that lactatemia increase was not related to glycemia increase or marathon performance; it increased the same extent in every subject. Since lactate is the end product of glycolysis, this result suggests that the best marathon runners did not support higher metabolic acidosis dur-Biochemistry of Marathon Performance Fig. 7 . Relationship between as CH 2 / as CH 3 ratio and marathon velocity during the 10-km run. nϭ14. Fig. 8 . Relationships between C‫؍‬O and ␦NH 2 absorption changes and marathon velocity during the 10-km run. nϭ14.
ing exercise. As a consequence, the higher glycemia increase observed in the best marathon runners suggests a higher lactate oxidation within skeletal muscle, avoiding a higher cellular and systemic acidosis. The metabolic scheme on glucose availability and utilization seemed to be the following: a higher glucose availability might appear during a marathon run as lactate oxidation within skeletal muscle is enhanced, avoiding a higher systemic acidosis. Another possibility is that the conversion of lactate to glucose in the liver was higher in the best runners. This hypothesis seems well supported by the higher glycemia increase found during exercise. However, a glycemia increase allowed by the higher conversion of muscular lactate should have inhibited or reduced fatty acid uptake and oxidation by skeletal muscles [7] . This metabolic scheme is contrary to the results we obtained, since the best marathon performances were also associated to higher fatty acid uptake during exercise. Lipid metabolism. It has been found that plasma FFA flux is increased during exercise after endurance training, but also that total fat oxidation and lipolysis remained unaffected when measured at the same relative or absolute intensities [4] . Thus it has been hypothesized that plasma FFA uptake by active muscles is a saturable process and instead that it is FFA transport capacities that are enhanced by training [31] . Furthermore, RER decreases after endurance training for the same absolute or relative submaximal exercise intensities, suggesting that the global FFA and TG utilization is enhanced in exercising muscles [3, 31] . Therefore endurance training seems to enhance fatty oxidation at higher exercise intensities, i.e., at higher RER [4] . Globally, recent studies revealed that higher concentrations of plasma LCFA from VLDL-TG may be reached during prolonged submaximal exercise, but with a leveling off in net uptake despite increasing plasma LCFA concentrations [12] . These findings also supported the hypothesis that there may be an underestimation of the contribution of plasma LCFA liberated from the circulating VLDL-TG to overall fatty acid oxidation during exercise [5] .
In response to the 10-km run, we found significant correlations in our study between the marathon performance level and (1) the TG concentration decrease, (2) the glycerol concentration increase, and (3) the mean fatty acids chain length given by the as CH 2 / as CH 3 ratio. Regarding evolutions of TG and glycerol concentrations, a metabolic way to reach a higher marathon performance level seemed to be by enhancing the lipolysis rate during exercise, providing a slight but significantly higher serum fatty acid concentration for use by skeletal muscles. To date, the enhancement of lipolysis as an endurance-training adaptation is still considered to be of secondary importance for intense endurance exercises [3] . However, the presence of longer fatty acid chains within serum of the best marathon runners suggests a functional metabolic adaptation to intense endurance training by increasing fatty acid oxidation at elevated RER. The as CH 2 / as CH 3 ratio is an indicator of fatty acid length and/or saturation level [29, 32] , since the CH 2 submolecular group is found within the chain and the CH 3 submolecular group is the ending of this chain [30] . As an example, palmitate (C16 : 0) contains 14 CH 2 groups and 1 CH 3 group within its chain; the as CH 2 / as CH 3 ratio obtained from its FT-IR spectrum is exactly 14 and allows the measurement of this fatty acid chain length. Indeed, with the use of the as CH 2 / as CH 3 ratio to evaluate the mean length of serum fatty acids, we reached results that suggest the best marathon runners metabolized longer and/or less unsaturated fatty acids during exercise.
Protein and amino acid metabolism. Another important finding of this study was the correlations between the marathon performances and the metabolism of amino acid and protein during the 10-km run. Marathon performance and amino acid blood release during exercise were both higher. An acceleration of amino acid transport is thought to contribute to a relatively greater stimulation of protein turnover [33] . The parallel increase of amino acid and protein concentrations we found that correlated to marathon performance supports this hypothesis. However, the biological functions of proteins and amino acids are not primarily energetic, at rest as well as during exercise [34, 35] , but the plasma amino acid pool may decrease with exercise because they are involved in neoglucogenesis [36] . Normally, endurance training increases leucine and/or protein turnover [37] , but it also attenuates amino acid oxidation, whatever the exercise intensity [15] . Our results are in accordance with this increased amino acid and protein turnover in relation to training and performance level.
However, marathon performance was also correlated to the decrease in several protein concentrations during exercise (␣ 1 -acid glycoprotein, IgG 3 , and Apo-C 3 ), suggesting a link between a protein catabolism and the amino acid release. The possible physiological significance of the relationships between the protein concentration decrease and the amino acid pool increase are not clear. The ␣ 1 -acid glycoprotein is a stress protein involved in inflammation processes, i.e., infection, trauma, or surgery. However, ␣ 1 -antitrypsin and ␣ 1 -acid glycoprotein concentrations were found to be decreased after exercise, showing that these changes were not linked to an acute phase response. IgG 3 is also a glycoprotein involved in reaction to acute fever and muscular protein catabolism [38] . Notably, the low serum concentration of IgG 3 in myotonic dystrophy may be due to its accelerated breakdown to compensate the deleterious amino acid utilization from skeletal muscle proteins [39] . However, because skeletal muscle protein catabolism may appear during intense endurance exercise to increase energetic substrate availability [18, [33] [34] [35] 40] , IgG 3 catabolism may also function to avoid a more extended skeletal muscle protein catabolism during intense exercise. The Apo-C 3 is a peripheric apoprotein normally included in VLDL and chylomicrons, and its acute and chronic plasma increases may induce hypertriglyceridemia [41] . We observed an important decrease in Apo-C 3 concentration after exercise, which was inversely correlated to amino acid blood release. Thus these results suggest a possible Apo-C 3 oxidation [42] for amino acid supply during exercise.
It has been shown that whole body protein catabolism is accelerated during low-intensity exercise [13] and that training increases the response of mixed muscle protein fractional synthesis much more than breakdown rates [6] . On the other hand, protein catabolism induced by exercise is thought to be deleterious for the skeletal muscle apparatus, notably in the case of inflammation or myofibrillar disruption [43] . However, all protein concentrations were found to be within their normal physiological range at rest, showing that such metabolic stress was easily inverted after training exercises. Therefore a specific metabolic adaptation to intense endurance training seemed to have occurred in these marathon runners, which led to support large increases in protein and amino acid utilization during exercise, followed by appropriate resynthesis processes during rest periods.
In summary, during a 10-km run at individual marathon velocity, the metabolic parameters that discriminated top-class marathon runners seemed to be the following: (1) a slight but significant difference in glucose concentration increase; (2) fatty acid selectivity seemed to be improved in best marathon runners by which longer and/or less unsaturated fatty acids were predominantly metabolized; (3) fatty acid uptake by skeletal muscle seemed higher in the best marathon performers as indicated by the more-pronounced decrease in blood TG contents and the glycerol concentration increase; (4) amino acid production and blood release were more elevated; and (5) several proteins seemed to be predominantly catabolized for amino acid supply to skeletal muscles. These metabolic adaptations to intense endurance training probably explained in part the difference between high-and topclass marathon performances.
